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Abstract:
In order to study the microscopic oil displacement mechanism of polymeric surfactant in
chemical cold flooding for heavy oil, the indoor microscopic visualization displacement
experiments were carried out. The flooding experiment of heavy oil was conducted by
using water, osmotic modified oil displacing agent (a kind of polymeric surfactant) and
water-in-oil emulsion (obtained by mixing polymeric surfactant and heavy oil) as displacing
phases to study the mechanism of polymeric surfactant to enhance oil recovery in heavy
oil reservoir. The experimental results show that the polymeric surfactant can increase
the viscosity of the water phase, reduce the water-oil mobility ratio, expand the swept
area, and there is no obvious fingering phenomenon which occurs during water flooding.
The polymeric surfactant has the surfactant characteristics which can reduce the interfacial
tension between oil and water to promote the formation of oil droplets with smaller droplet
diameter. And the interfacial film composed of polymeric surfactant molecules will be
formed on the surface of oil droplets to prevent the coalescence of oil droplets and improve
the flow ability of oil phase. The water-in-oil emulsion can be miscible with the oil in
heavy oil displacement process, and thus sweeps the areas such as the dead pores which
cannot be swept by water and polymeric surfactant flooding, which increases the sweep
efficiency to a certain extent.
1. Introduction
Chemical cold flooding technology is one of the effective
technologies for oil extraction, mainly using surfactants, poly-
mers, alkalis and polymeric surfactants (Alvarado and Man-
rique, 2010). In heavy oil extraction, chemical cold flooding
technology could have good effect on reducing oil viscosity,
interfacial tension (IFT), mobility ratio and expanding swept
area, which is helpful to increase production and decrease oil
extraction cost (Gbadamosi et al., 2019).
The polymer flooding can improve the recovery of heavy
oil by mainly increasing the viscosity of displacement phase
and reducing the mobility ratio (Deng et al., 2014), otherwise
increasing oil displacement efficiency due to viscoelasticity
(Zhang et al., 2011). Surfactant flooding and alkali flooding
mainly improve oil displacement efficiency by reducing the
surface tension between oil and water interfaces, and most
researchers believe that the improvement of heavy oil recovery
is mainly due to the formation of emulsion, including oil-
in-water emulsion and water-in-oil emulsion (Shang et al.,
2019; Yu et al., 2019). The oil-in-water emulsion with low
viscosity was obtained by mixing a viscosity-reducing system
composed of surfactants with heavy oil (Lee and Babadagli,
2018), and the water-in-oil emulsion was also obtained by
alkali flooding heavy oil (Dranchuk et al., 1974; Faroijq
et al., 1979), and both of those oil recovery are better
than that of water flooding. Polymeric surfactant is a new
type of oil-displacing agent based on polymer flooding and
alkaline/surfactant/polymer (ASP) flooding in recent years,
having dual properties of both polymer and surfactant with
obvious emulsifying, tackification and solubilization ability,
which cannot only enlarge the swept volume but also improve
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the efficiency of oil displacement. And the results of laboratory
experiments show that the oil recovery of polymeric surfactant
flooding can be improved by more than 15% compared with
water flooding (Sun et al., 2010; Yan et al., 2014). Compared
with ordinary polymer, the greatest features of polymeric
surfactant are its low concentration with high efficiency, lower
IFT and its strong ability to increase viscosity, solubilization
and crude oil emulsion (Cao and Li, 2002; Li et al., 2012;
Wu et al., 2018). Thus, it can be seen that the polymeric
surfactant has a good oil recovery effect for its characteristics
of high viscosity and reducing viscosity of crude oil, hence
it might also have good applicability to the high viscosity
heavy oil reservoir. However, the use of polymeric surfactant
for heavy oil displacement is relatively few, and the micro-
mechanism of polymeric surfactant displacing heavy oil is
still unclear, therefore experiments are needed to study the
displacement effect and mechanism of polymeric surfactant
flooding heavy oil. In order to make clear the function of
polymeric surfactant in chemical cold flooding for heavy oil,
this paper uses the microfluidic model to carry out the indoor
microscopic visualization displacement experiments.
Microfluidics is a scientific discipline that studies move-
ment, handling and manipulation of liquid substances in micro-
volumes across nano-, micro- and macro-scales. This ability
to precisely manipulate liquids in such small volumes comes
from the use of devices with features on micro- and nano-
scale where capillary forces and surface tension overcome the
effects of gravity and inertia and become dominant forces
that enable such control (Lifton, 2016). Thus, microfluidics
is able to manipulate fluid in micron-scale space, reducing the
basic functions of biological, chemical, and other laboratories
to few square centimeters of models (Wang et al., 2019).
Nowadays, microfluidic technology has been widely used
in aerospace, biochemistry, medical diagnosis, environmental
detection and other fields. And this technology has been more
and more applied to the flow visualization research of fluid in
porous media, which has the characteristics of small sample
consumption, high degree of automation and fast analysis
speed (Li et al., 2018). At present, many researchers have used
microfluidic technology to study the heavy oil displacement,
such as Wang (Wang et al., 2014) has used homogeneous and
heterogeneous microfluidic models to study the heavy oil grav-
ity drainage, Jamshidi (Jamshidi et al., 2018) has studied the
performance of carbonated water injection (CWI) and found
that CWI could be a viable option for enhanced oil recovery
in heavy oil reservoirs, Mohammadzadeh (Mohammadzadeh
et al., 2019) has studied the chemical-assisted waterflooding
effect by using visual microscopic model, but there is still few
study on polymeric surfactant flooding heavy oil. Therefore,
it can be seen that the mechanism of polymeric surfactant in
chemical cold flooding for heavy oil can be studied by using
microfluidic technology, and it is of significance and value
to carry out microscopic experiment of polymeric surfactant
flooding heavy oil.
In this paper, experiments on microscopic displacement of
heavy oil are carried out by using water, polymeric surfactant
and water-in-oil emulsion (obtained by mixing this agent with
heavy oil) to displace heavy oil, which aims to study the en-
(a)
(b)
Fig. 1. Two forms of displacement.
hanced oil recovery (EOR) mechanism of polymeric surfac-
tant. The oil-in-water experiment is left out due to its similar
effects as polymeric surfactant flooding.
2. Materials and methods
2.1 Materials
The oil used in the experiment is the heavy oil (density:
0.916 g/cm3; viscosity: 173.5 mPa·s) obtained by mixing
kerosene and heavy oil from Shengli Gudao oil field. The
water used in the experiment is deionized water. And the
chemical EOR agent used in the experiment is osmotic
modified oil displacing agent, a kind of polymeric surfactant
(concentration: 0.1wt%; viscosity: 60 mPa·s; surface tension:
0.024 N/m; contact angle: 45.1∼50.0 ◦). The emulsion used
in the experiment is water-in-oil emulsion obtained by mixing
polymeric surfactant agent and heavy oil at 1:1 ratio.
2.2 Experimental methods and principles
In this paper, the microfluidic glass model is used to
visualize the process of heavy oil displacement, collect and
analyze the image of the heavy oil displacement process.
The polymeric surfactant has the dual flooding oil charac-
teristics of polymers and surfactants (Raffa et al., 2016), which
not only has the effect of polymer flooding to expand the swept
area, but also the effect of surfactant flooding to emulsify
heavy oil. Therefore, in the process of displacing heavy oil,
as shown in Fig. 1, there are two forms of displacement: One
is the direct displacement for heavy oil through polymeric
surfactant flooding. In the process, the oil-in-water emulsion
is formed in partial displacing front and continues to displace
heavy oil. Due to the low viscosity of oil-in-water emulsion
and the polymeric surfactant agent existing as the continuous
phase, the effect of the oil-in-water flooding is similar to that
of the polymeric surfactant agent flooding. Another one is
that the water-in-oil emulsion is formed in the partial area
with high viscosity and continues to displace the heavy oil
under the thrust of the following agent. Because of the high
viscosity of the water-in-oil emulsion and the oil existing as
the continuous phase, the effect and characteristic of water-
in-oil emulsion flooding are much different from those of the
polymeric surfactant agent.
In order to study the oil displacement effect and micro-
scopic mechanism of the two forms of displacement, three
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Fig. 2. The schematic diagram of the microstructure.
groups of experiments were carried out in this paper. The first
group used deionized water to displace the heavy oil as the
control group, and the second group used polymeric surfactant
as displacing phase to simulate the first form of displacement.
In order to simulate the second form of displacement, the third
group carried out the heavy oil displacement experiment with
the water-in-oil emulsion as displacing phase, and then used
the polymeric surfactant agent to continue the displacement
after the end of the water-in-oil emulsion flooding.
The schematic diagram of the microstructure used in the
experiment is shown in Fig. 2. The width of the pattern
structure in the middle of the model is 1.5 cm, the length
is 2.5 cm and the depth is 30 µm. In the experiment, heavy
oil and displacement phase were injected from one end, and
the other end was used as outlet.
2.3 Experimental procedure
(1) Study on emulsion phase behavior
The emulsion phase behavior was studied in this paper in
order to study the emulsification of polymeric surfactant and
heavy oil, and to provide support for the emulsion flooding of
the following microfluidic experiments.
Mix the polymeric surfactant with the heavy oil at 1:1 ratio
in the test tube and shake the test tube fully. Then leave to rest
for several days, and observe the emulsion phase state under
a microscope.
(2) Water/polymeric surfactant flooding experiments
The steps of the two groups of experiments (water flood-
ing and polymeric surfactant flooding) are similar. And the
experimental steps are as follows:
a) Microfluidic model preparation. The pore throat chan-
nels inside the microfluidic model were cleaned with alcohol
to remove the impurities on the surface of the model channels,
and then dried at 110 ◦C for 1 h.
b) Saturating heavy oil. A constant pressure device is used
to inject heavy oil into the model under greater pressure until
the heavy oil saturates the entire chip.
c) Displacing heavy oil. The microfluidic chip with satu-
rated heavy oil was injected with water or polymeric surfactant
at a rate of 0.1 µL/min. The whole displacement process was
observed under a microscope and the displacement image was
collected in real time.
Fig. 3. Water-in-oil emulsion under a microscope.
(3) Water-in-oil emulsion flooding experiment
The steps of this experiment are similar to the first two
groups of experiments. After two steps of microfluidic model
preparation and saturating heavy oil, the microfluidic chip with
saturated heavy oil was first injected with water-in-oil emul-
sion at a speed of 0.1 µL/min, and then injected with poly-
meric surfactant agent at the same speed after the emulsion
broke through the outlet end. The whole displacement process
was observed under a microscope and the displacement image
was collected in real time.
3. Results and discussion
3.1 Study on emulsion phase behavior
The emulsion phase state under a microscope is shown in
Fig. 3. It can be seen that the heavy oil (in the brown areas)
in the emulsion is a continuous phase, while the polymeric
surfactant solution (in the white and faint yellow areas) in the
emulsion is a dispersed phase. The scale length of the lower
right corner of the picture is 0.1 mm and it can be seen that the
diameter of the polymeric surfactant solution droplets in the
diagram is less than 100 microns, most of them are about 10
microns and below, which is a typical water-in-oil emulsion.
3.2 Water/polymeric surfactant flooding experiments
The microfluidic model was placed horizontally in the
oil displacement process. And the process of water flood-
ing experiment is shown in Fig. 4. The microfluidic chip
with saturated heavy oil was injected with deionized water
at constant speed from the right inlet of the chip. In the
picture, the heavy oil is in the brown-yellow region, while the
displacement phase is in the transparent region. It can be seen
that the fingering is serious and causes water channeling. The
process of polymeric surfactant flooding is shown in Fig. 6.
The polymeric surfactant is also injected into the microfluidic
chip with saturated heavy oil at constant speed from the right
inlet of the chip. It is obvious that the swept area of the poly-
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(a) (b) (c) (d)
Fig. 4. Water flooding process.
Clustered flowDroplet flow Columnar flowMembranous flow Multi-porous flow
Fig. 5. Classification of remaining oil in water flooding process.
(a) (b) (c) (d)
Fig. 6. Polymeric surfactant flooding process.
Clustered flowDroplet flow Columnar flowMembranous flow Multi-porous flow
Fig. 7. Classification of remaining oil in polymeric surfactant flooding process.
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Fig. 8. Content of different types of remaining oil in water flooding process.
meric surfactant flooding is greatly improved compared with
the water flooding, and there is no fingering and water chan-
neling phenomenon.
As shown in Fig. 5 and Fig. 7, in order to analyze the type
of remaining oil and the effect of displacement, the remaining
oil during the displacement process was classified into five
types from hard-to-produce to easy-to-produce: Membranous
flow (in the blue areas), droplet flow (in the red areas),
columnar flow (in the cyan areas), multi-porous flow (in the
yellow areas), and clustered flow (purple area), by using
Li’s classification method (Li et al., 2017, 2018) and related
software.
3.2.1 Experimental result analysis
As can be seen from Fig. 4 and Fig. 5, the fingering
phenomenon is obvious in the process of water flooding and
causes uneven displacement front. Therefore, the oil recovery
is only 30.6%, and there is still a large amount of unswept
remaining oil (clustered flow) in the microfluidic chip after
the end of the water flooding. This is because compared with
the high viscosity of heavy oil, the viscosity of injected water
is too low, which makes mobility ratio too high and make it
easy to occur the phenomenon of fingering. When the fingering
breaks through the outlet, a large amount of heavy oil is still
not affected and extracted, which leads to the small water
swept area, low sweep efficiency and low oil recovery. Fig. 8
has shown the changes in the proportion of different types of
remaining oil content in Fig. 5 to the initial crude oil content.
The left ordinate indicates the clustered flow content while
the right ordinate indicates the other remaining oil content.
Clustered flow that is easy to produce always maintains a high
content ratio while others increase slightly in varying degrees,
which means the effect of water flooding is poor.
From Fig. 6 and Fig. 7, it can be seen that the polymeric
surfactant flooding has a wide swept area, and there is no
obvious fingering phenomenon. The oil recovery is 41.8% at
the time of agent breaking through the outlet, and the final
oil recovery reaches 71.7% at the end of flooding, more than
twice the water drive recovery. In terms of data, the remaining
oil content is much less than that of water flooding, and the
final oil recovery is also higher. In addition, compared with
the oil droplet dispersion in Fig. 4 and Fig. 6, the oil droplet
driven by polymeric surfactant is more dispersed and the oil
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Fig. 9. Content of different types of remaining oil in polymeric surfactant
flooding process.
droplet diameter is smaller, which means that the oil flow
capacity is higher and it is helpful for the recovery of heavy
oil. Fig. 9 has shown the changes in the content of different
types of remaining oil in Fig. 7. The contents of the cluster
flow that is easy to produce decreased considerably while
others increase obviously in varying degrees, which means
the effect of polymeric surfactant flooding is much good. In a
conclusion, it is obvious that the polymeric surfactant increases
the flooding area and oil flow capacity compared with water
flooding and plays an important role in enhancing oil recovery.
3.2.2 Polymeric surfactant flooding mechanism
According to the analysis of above experimental phenom-
ena, the main polymeric surfactant flooding mechanism is as
follows:
(1) Similar to polymer flooding, polymeric surfactant flood-
ing can increase the viscosity of displacement phase, reduce
the mobility ratio, avoid the phenomenon of fingering and
water channeling, form a more uniform displacement front,
expand the range of displacement, and finally improve the
efficiency of displacement.
(2) Similar to surfactant flooding, polymeric surfactant
flooding can reduce the interfacial tension between oil and
water, make it easier for oil phase to disperse and form
oil droplets in the water phase, and form stable oil-in-water
emulsions to enhance the flow capacity of the oil phase.
(3) In addition, the polymeric surfactant can enter the oil
phase in the form of droplets to form the water-in-oil emulsion
under diffusion effect. But this effect is not obvious during the
displacement process and it will be discussed in detail below.
According to the direct observation of the local oil dis-
placement phenomenon in the microfluidic model in the exper-
iments, the main micro-mechanisms of polymeric surfactant
flooding can be obtained as follows:
(1) In the polymeric surfactant flooding process, the typical
heavy oil displacement process is shown in Fig. 10.
As can be seen from the Fig. 10, the dispersed oil phase can
be dispersed into oil droplets during the displacement process,
which can enhance the oil flow capacity. And the oil droplets
are difficult to coalesce, which is helpful for the flow and
recovery of heavy oil droplets. Comparing the dispersion of
heavy oil in the displacement phase in Fig. 4 and Fig. 6,
it can be seen that the number of oil droplets dispersed in
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Fig. 10. Micro polymeric surfactant flooding process.
the polymeric surfactant agent is more than that in the water,
and the diameter of the oil droplets is also smaller. These
phenomena indicate that in the polymeric surfactant flooding
process, the continuous oil phase which is much difficult to
flow forms a dispersed phase with stronger flow ability through
the shear action of the porous medium and displacing phase,
thus becomes easier to flow. And the surfactant characteristics
of polymeric surfactant, which can make the agent molecules
adsorbed on the surface of the oil phase and reduce the
interfacial tension, make the crude oil more easily dispersed
in the displacement phase and form the oil phase droplets with
smaller diameter. At the same time, the polymeric surfactant
agent forms the interfacial membrane on the surface of the
oil droplets, which makes it difficult for the oil droplets
to coalesce and thus improves the oil phase flow ability to
promote the oil phase recovery.
(2) In addition to displacing the heavy oil, the polymeric
surfactant could also enter the oil phase in the form of droplets
to form the water-in-oil emulsion under diffusion effect, as
shown in Fig. 11.
As can be seen from the Fig. 11, the polymeric surfactant
enters the oil phase in the form of droplets and thus the water-
in-oil emulsion occurs. Compared with the surrounding oil, the
color of water-in-oil emulsion becomes obviously darker. In
order to study the effect of water-in-oil emulsion on displacing
oil, the water-in-oil emulsion flooding experiments are carried
out and discussed in detail below.
3.3 Water-in-oil emulsion flooding
3.3.1 Experimental result analysis
The water-in-oil emulsion flooding process is shown in Fig.
12. After saturating heavy oil, the water-in-oil emulsion is
injected into the microfluidic model from the right inlet, and
then the subsequent displacement is carried out by injecting
polymeric surfactant agent after the end of emulsion flooding.
It is obvious in the second picture from left that the swept area
of water-in-oil emulsion flooding is particularly wide and it
could account for 93.2% of the model channel. The subsequent
polymeric surfactant flooding has also a good displacement
effect on water-in-oil emulsion and the recovery at the time
of agent breaking through the outlet is 50.8% and that at the
end of flooding is 81.9%, much more than the recovery of
(a)
(b)
Fig. 11. The water-in-oil emulsion.
water and polymeric surfactant flooding. Fig. 13 and Fig. 14
have shown the classification and content of remaining oil in
agent displacing emulsion process. Cluster flow content drops
to zero while others increase obviously in varying degrees,
which means the effect of agent displacing emulsion is great.
So it can be inferred that compared with water flooding, the
water-in-oil emulsion can increase the swept area, avoid the
fingering phenomenon, and then help to improve heavy oil
recovery. From this point of view, the water-in-oil emulsion
flooding with polymeric surfactant flooding followed may be
considered as a good EOR method in heavy oil extraction if
economic and technical conditions permit.
3.3.2 Water-in-oil emulsion flooding mechanism
(1) Compared with the polymeric surfactant agent, the
water-in-oil emulsion has a better swept effect, and can enter
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(a) (b) (c) (d)
Fig. 12. Water-in-oil emulsion flooding process: (a) and (b) represent emulsion flooding; (c) and (d) represent agent flooding.
Clustered flow
Droplet flow
Columnar flow
Membranous flow
Multi-porous flow
Fig. 13. Classification of remaining oil in agent displacing emulsion process (agent flooding).
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Fig. 14. Content of different types of remaining oil in agent displacing
emulsion process.
the dead pore areas which the polymeric surfactant agent
cannot affect, as shown in Fig. 15 and Fig. 16.
It can be seen that the water-in-oil emulsion can sweep the
dead pores while polymeric surfactant can’t. This is because
the continuous oil phase in the water-in-oil emulsion can
be mixed with the heavy oil in dead pores, like ‘miscible
flooding’, and there is no capillary resistance in the heavy oil
displacement process, which makes the polymeric surfactant
droplet in the emulsion move into the dead pores and plays
the role of oil displacment. Although the polymeric surfactant
has the characteristics of surfactant and it can play a role in
reducing the interfacial tension, the effect of agent sweeping
dead pores is still much less than that of emulsion, which
makes its displacement effect on dead pores less obvious.
Besides, the effect of the subsequent polymeric surfactant
displacing emulsion in dead pores is not significant, but it
has played an important role for the water-in-oil emulsion in
enlarging swept area and enhancing heavy oil recovery.
(2) The subsequent polymeric surfactant flooding is carried
out after the end of water-in-oil emulsion flooding. During the
process of water-in-oil emulsion being driven to the outlet, the
polymeric surfactant agent can be adsorbed on the emulsion
surface, which greatly reduces the interfacial tension and
makes it easy for the water-in-oil emulsion to be cut into
smaller diameter emulsion droplets under shearing action and
finally form the W/O/W emulsion with strong flow capacity, as
shown in Fig. 17. In addition, the polymeric surfactant forms
an interfacial film on the emulsion surface, which makes the
emulsion droplets difficult to coalesce during the displacement
process, and thus improves the flow ability of the emulsion.
4. Conclusions
This research investigated the effect of polymeric surfactant
in chemical cold flooding for heavy oil by using microfluidic
technology. Water, polymeric surfactant and water-in-oil emul-
sion were used as displacing phase to recovery heavy oil in
the microfluidic model. According to the experimental results,
the polymeric surfactant flooding has a good EOR effect, and
the effect of emulsion flooding is the most ideal, which can
sweep the dead pore area that cannot be swept by conventional
agents. So the water-in-oil emulsion flooding with polymeric
surfactant flooding followed may be considered as a good
EOR method in heavy oil extraction if economic and technical
conditions permit.
From the whole study, the following conclusions were
drawn:
(1) The polymeric surfactant flooding has two forms of
displacement in chemical cold flooding for heavy oil, one of
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(a) (b) (c) (d)
Fig. 15. Water-in-oil emulsion flooding process: (a) represents saturating oil; (b) represents emulsion flooding 1; (c) represents emulsion flooding 2; (d)
represents agent flooding.
(a) (b) (c)
Fig. 16. Polymeric surfactant agent flooding process: (a) represents saturating oil; (b) represents emulsion flooding 1; (c) represents emulsion flooding 2.
Fig. 17. W/O/W emulsion.
which is the direct displacement for the heavy oil by the
polymeric surfactant and the other is water-in-oil emulsion
displacing oil with subsequent polymeric surfactant displacing
emulsion.
(2) The polymeric surfactant can increase the viscosity
of displacement phase and reduce the mobility ratio, which
contributes to the enlargement of swept area. And it can reduce
the interfacial tension between oil and water, make the oil
phase more susceptible to be sheared and form droplets with
smaller diameter in the displacement process. Furthermore, the
polymeric surfactant agent can form the interfacial film on the
oil droplets surface to prevent coalescence, which is helpful to
form a more stable water-in-oil emulsion and thus enhances
the flow ability of oil phase.
(3) The water-in-oil emulsion can be mixed with heavy oil
due to its continuous oil phase, which makes it possible to
sweep the dead pore area, and thus enhances oil recovery.
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